The temperature dependent electrical conductivity of highly aligned, as-grown, pristine films of ultralong single-walled carbon nanotubes ͑SWNTs͒ is investigated in the framework of conduction based on phonon-assisted electron hopping. A change in transport mechanism occurs between conduction normal to and parallel to the SWNT alignment that results in evolution from bulk three-dimensional ͑3D͒ hopping conduction to a one-dimensional ͑1D͒ hopping conduction mechanism intrinsic to the electronic structure of SWNT. Vacuum annealing is observed to change the magnitude of the film conductivity but does not alter the observed 1D or 3D hopping mechanism.
This concept has inspired many new applications geared toward exploitation of the electrical properties of SWNTs, in concert with their thermal and mechanical properties. New techniques to form films and fibers of SWNT [3] [4] [5] have led toward new multifunctional materials with promise toward replacement of conventional materials utilized for sensing devices, 6 thin film transistors, 7 and current modulated devices 8 among others. However, a major drawback toward the use of SWNTs in sensing or optoelectronic device applications is the lack of detailed understanding of mechanisms governing electrical transport in SWNT networks. [9] [10] [11] This is complicated by the sensitivity of SWNTs to liquid or solvent exposure that can result in doping, 12 enhanced SWNT bundling by capillary forces during drying, 13 or modification of SWNT electronic structure through strong surface interaction. In addition, common use of solvents, surfactants, and/or sonication procedures also result in artificial effects that limit quality measurements of SWNT electronic transport properties.
Recently, we developed a technique to transfer pristine, as-grown films of catalyst free, ultralong SWNT that are highly aligned to any desired host substrate. 5 The transfer process utilizes the "Gecko" effect, 14 or strong SWNT sidewall transfer substrate interaction versus weak growth substrate interaction following catalyst-SWNT interface etching. The result is a prototype as-grown aligned SWNT material allowing straightforward investigation of fundamental physical properties of pristine, aligned SWNT. A typical transferred film with a close-up view of the SWNT alignment is shown in Figs. 1͑a͒ and 1͑b͒ , respectively. Growth of aligned arrays of vertical lines ͓inset, Fig. 1͑a͔͒ having widths of 2 m and spacing of 50 m occurs via hot filament chemical vapor deposition at 750°C. 15, 16 To form films, ϳ80 m tall lines are transferred to a host surface resulting in a film having ϳ30 m overlap between adjacent lines. In Fig. 1 , an as-grown and transferred film displays a high degree of alignment with no chemically modifying processing that can alter SWNT electronic structure. For electrical testing, SWNT films were transferred to Kapton HC ͑stable to 400°C͒. In-line four point contacts were made via Pt wires and Ag paste ͑ensuring Ohmic behavior͒, and measurements were carried out on a Quantum Design physical properties measurement system capable of operating between 2 and 400 K. Contacts were carefully placed under an optical microscope to ensure positioning parallel to or normal to the SWNT alignment direction. mechanism in these thin SWNT films. The theory of Mott's VRH ͑Ref. 17͒ describes conduction in a disordered system via phonon-assisted electron hopping across states with localized electronic wave functions. VRH optimizes conductance arising as a competition between spatial overlap ͑e −2R/ ͒ and energy activation ͑e −E/k B T ͒, leading to conductivity, , generally expressed as
where d is the dimensionality of hopping, T 0 is a constant depending on both localization length, , and density of states at the Fermi energy, N͑E F ͒, and 0 can be treated as a temperature independent constant. VRH has been an effective tool in characterizing transport in a broad range of materials, including low-dimensional systems composed of 1D conductors such as doped polymer chains. 18, 19 VRH likely gives the best representation of electronic transport in thin SWNT films based upon ͑i͒ a mixed semiconducting and metallic SWNT population and ͑ii͒ charge localization induced from the presence of inter-SWNT contacts in the film.
The two following cases are considered in this study: ͑i͒ electronic transport parallel to the SWNT alignment ͑Fig. 2, I ʈ L͒ and ͑ii͒ electronic transport normal to the direction of SWNT alignment ͑Fig. 3, I Ќ L͒. To quantitatively assess the conductivity, film thickness is normalized to a fully dense SWNT crystal based on known carbon density ͑ϳ60 mg/ cm 3 ͒ and SWNT diameter distribution ͑peaked at 3 nm͒ from experiments. In both Figs. 2 and 3, the first case ͑before anneal͒ involves postgrowth air exposure ϳ4 days while covered in a clean fume hood. In the second case ͑after anneal͒, the sample is slowly warmed to 400 K under vacuum ͑10 −3 Torr͒ and maintained for 60 min prior to measuring ͑T͒. The best fits to the data shown in Figs. 2 and 3 reflect fits consistent with Eq. ͑1͒, with d = 1 for data in Fig.  2 and d = 3 for data in Fig. 3 . In each case, the fit to VRH is quite good, especially at temperatures below 225 K ͑R 2 Ͼ 0.999, N Ͼ 10͒. Calculated residuals also support the fits applied at low temperatures for each film. 20 For I ʈ L ͑Fig. 2͒, d = 1 in Eq. ͑1͒ yields the best fit to the data, emphasizing the signature of quasi-1D electronic transport. Prior to annealing, two linear fits to the data shown in Fig. 2͑a͒ can accurately represent the conductivity in a temperature range of 2-265 K. Above 265 K, the further increase in conductivity with temperature cannot be fit to any known electronic transport model and could represent the onset of thermal activation of carrier electrons in SC SWNT with diameters Ͼ3-4 nm. 2, 21 Upon annealing the sample ͓Fig. 2͑b͔͒, the conductivity decreases significantly and the slope and intercept of the linear fit change but the 1D VRH behavior remains the same. It should be noted that d in Mott's VRH model arises from the density of states unique to confinement in a 1D, twodimensional, or three-dimensional ͑3D͒ system, meaning the 1D electronic structure of the SWNT strongly affects lowtemperature electronic transport with I ʈ L. However, when I Ќ L ͑Fig. 3͒ d = 3 yields the best fit, consistent with VRH through a disordered bulk system, as shown in Figs. 3͑a͒ and 3͑b͒. Similarly, two linear regions can be identified in the fit below temperatures of 270 K but the change in slope with I Ќ L is not as apparent as in I ʈ L. Although the region between the two linear fits begins at slightly different temperatures in each case, 20 the temperature range is near energies yielding thermal activation of carrier electrons in a small band gap semiconducting SWNT population having diameters greater than HiPCo. 22 Again, annealing the film ͓Fig. 3͑b͔͒ does not change the VRH transport mechanism but only the slope and intercept of the VRH fit.
Quantitatively comparing the conductivity ͑, normalized to the density of a 3 nm SWNT crystal: 0.82 g / cm 3 ͒ at FIG. 2. ͑Color online͒ Conductivity as a function of temperature ͑scaled by natural logarithm͒ for aligned SWNT films in cases where the potential difference is applied parallel to SWNT alignment both before ͑a͒ and after ͑b͒ vacuum annealing. Applied fit reflects d = 1 in Eq. ͑1͒.
FIG. 3.
͑Color online͒ Conductivity as a function of temperature ͑scaled by natural logarithm͒ for aligned SWNT films in cases where the potential difference is applied normal to SWNT alignment both before ͑a͒ and after ͑b͒ vacuum annealing. Applied fit reflects d = 3 in Eq. ͑1͒.
